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ABSTRACT 

The  feasibility  of  an  air  data  system  based  on  the  measure¬ 
ment  of  the  resonant  fluorescence  of  carbon  dioxide  in  the 
atmosphere  is  discussed.  The  Doppler  shift  of  the  fluorescence 
gives  the  air  velocity  and  the  linewidth  gives  the  pressure 
altitude . 

A  system  using  a  tunable  diode  laser  has  been  set-up  and 
characterized.  Attempts  to  measure  back-scattered  fluorescence 
were  unsuccessful,  but  inelastic  scattering  in  the  forward 
direction  was  observed.  Mechanisms  for  this  are  discussed  but 
no  firm  conclusion  is  reached.  A  correlation  technique 
for  processing  the  data  is  discussed  and  its  accuracy  computed. 
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1.  INTRODUCTION 

The  current  technique  for  measuring  the  speed  of  super¬ 
sonic  and  hypersonic  aircraft  is  a  modification  of  the  pitot 
static  tube.  One  port  senses  the  total  impact  pressure  of  the 
air  and  another  senses  the  ambient  static  pressure.  The  ratio  cf 
these  two  pressures  is  then  used  to  measure  the  Mach  number. 
Another  sensor  measures  the  impact  temperature  and  with  this  data 
the  true  airspeed  can  be  computed.  The  main  difficulty  with  this 
system  lies  with  the  measurement  of  the  static  pressure.  This 
pressure  is  very  much  less  than  the  impact  pressure  and  if  the 
static  pressure  port  sees  any  part  of  the  impact  pressure,  then 
substantial  errors  occur.  Changes  in  the  apparent  static  pres¬ 
sure  do,  in  fact,  occur  due  to  the  angle  of  attack  and  sideslip 
cf  the  aircraft.  In  addition,  the  pert  is  behind  the  bow  shock 
of  the  aircraft  and  the  apparent  strength  of  the  shock  varies  as 
the  aircraft  maneuvers. 

What  is  desired  is  an  airspeed  sensor  which  measures  the 
speed  of  the  air  ahead  of  the  shock.  This  air  is  completely 
unaffected  by  the  aircraft  at  supersonic  speeds.  However,  no 
metalic  probe  may  be  placed  ahead  of  the  aircraft  nose,  or  it 
will  interfer  with  radar  equipment  on  the  aircraft.  A  sensor  is 
required  which  can  remotely  measure  the  speed  of  the  air  ahead 
of  the  aircraft. 

A  novel  type  of  sensor  is  suggested  which  is  capable  of  mea¬ 
suring  an  aircraft's  speed  and  altitude.  The  sensor  measures 
the  Doppler  shift  and  line  width  of  infra-red  radiation  resonantl 
scattered  from  carbon  dioxide  molecules  in  the  air.  The  Doppler 
shift  dives  the  aircraft  speed  and  the  linewidth  dives  the  pres¬ 
sure  altitude  of  the  aircraft.  Multiple  sensors  enable  the  angle 
of  attack  and  sideslip  to  be  measured.  Recently, 


tunable 
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semiconductor  lasers  have  become  available  with,  very  low  power 
consumption  and  they  can  be  tuned  to  a  very  strong  resonance  of 
C02  at  a  wavelength  of  approximately  4.3  p .  The  sensor  is  cap¬ 
able  of  measuring  the  air  velocity  a  few  feet  ahead  of  the  air¬ 
craft  at  altitudes  of  at  least  100,000  ft. 

1.1  Previous  Laser  Doppler  Velocimeter  Tests 

In  1972,  Munoz,  Mocker  and  Koehler  [5]  of  NASA  Ames  and 
Honeywell  flew  a  carbon  dioxide  laser-powered  Laser  Doppler 
Velocimeter  on  a  NASA  CV  990  aircraft.  This  system  used  a  25- 
50  watt  laser  which  required  a  large  power  supply  and  a  heat 
exchanger  for  cooling.  The  system  worked  well  up  to  an  altitude 
of  10,000  ft  and  an  air-speed  of  500  kts.  The  system  operated  on 
the  principle  of  measuring  the  Doppler  shift  of  infra-red  radia¬ 
tion  at  a  10.6  micron  wavelength  being  scattered  from  naturally 
occurring  aerosol  particles  in  the  air.  However,  at  an  altitude 
of  greater  than  10,000  ft,  there  was  an  insufficient  number  of 
aerosol  particles  in  the  air  to  give  an  adequate  signal  strength. 
Accordingly,  at  higher  speeds  and  higher  atltitudes,  a  stronger 
scattering  source  than  natural  aerosols  is  required. 

1.2  Scattering  From  the  Air 

The  scattering  of  light  traveling  through  the  air  can  be  due 
to  one  of  four  mechanisms: 

1.  Aerosol  scattering. 

2.  Rayleigh  scattering  (due  to  density  fluctuations). 

3-  Raman  scattering  (stimulated  fluorescence). 

4.  Resonant  scattering  (natural  fluorescence). 
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The  first  three  mechanisms  are  all  extremely  weak  and  only 
resonant  scattering  is  strong  enough  to  be  used  for  remote  veloc¬ 
ity  measurement. 

Nitrogen  and  oxygen  have  strong  resonant  lines  in  the  ultra¬ 
violet,  but  no  radiating  ones  in  the  infra-red  where  tunable 
lasers  operate.  Only  tri-atomic  molecules  have  radiating  reso¬ 
nant  lines  in  the  infra-red.  The  three  most  common  tri-atomic 
molecules  are  carbon  dioxide,  water  vapor  and  ozone.  The  ozone 
lines  are  fairly  weak  and  water  is  not  nearly  as  common  as  carbon 
dioxide  in  the  stratosphere  (see  Fig.  1)  [ I ] .  Thus,  C02  is  the 
best  candidate  for  a  scattering  material  and  this  has  some  strong 
resonance  lines  at  a  wavelength  of  4.3  u . 

The  C02  molecules  are  excited  from  their  mrour.d  state  to  the 
00°1  state  when  they  absorb  radiation  at  4.3  u.  This  is  an 
extremely  favorable  transition  with  a  cross  section  of  approxi¬ 
mately  10“16  cm2  per  molecule.  Thus,  from  Fig.  1,  at  1 00,030  ft, 
radiation  at  4.3  ^  is  attenuated  at  a  rate  of  1  per  meter.  This 
line  is  the  pumping  level  in  the  C02  laser.  The  excited  molecule 
can  decay  in  a  number  of  ways: 

1.  Transition-to-ground  state  —  radiation  at  4. 3  u. 

2.  Collision  with  another  molecule  —  energy  transferred 
into  translational  form. 

3.  Transition  to  a  lower  state  (1 0°0  or  02°0)  —  radiation 
at  10.6  u  or  9-5  u • 

It  is  this  reradiation  of  the  original  4.3  u  energy  which 
we  propose  to  use  for  the  measurement  of  the  aircraft  speed. 
Kildal  and  Byer  (1971)  [3]  have  examined  this  process  of  resonant 
backscatter  in  their  review  paper  and  have  considered  it  to  be 
practical  for  the  detection  of  pollutants,  providing  the  appro¬ 
priate  laser  wavelengths  can  be  found. 
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temperature  and  pressure;  it  has  a  value 
k„  =  31  sec”1  ( Kilaal  and  Byer ,  1971)  [3j.  k  ,  on  the  ether  har. 
depends  on  the  molecule  and  other  erases  present  as  well  as  the 
temperature  and  pressure.  Cheo  (1963)  [2]  has  measured  the 
fluorescent  decay  in  a  C02  laser  at  low  pressures  and  obtained 


.  ”  1  f» 


values  of  400  sec  *  ror  pure  (J'J2  at  I  torr  pressure.  ‘it: Is  was 
halved  however,  by  the  addition  of  3  terr  of  nitrogen.  Nitrcme: 
has  an  excited  level  very  close  to  that  of  CO,  and,  hence,  help: 
stabilise  it.  Sequin  and  Carswell  (1972)  [6]  have  measured  the 
fluorescence  up  to  ”5 2  terr  (sea  level  pressure)  and  have  found 
the  pressure  and  constituent  dependence  to  be  very  complex, 
ever,  the  nonradiative  transition  probability  does  increase  wit: 
pressure  and  temperature.  We  mimht  expect  a  value  of  100,009  se 
at  sea  level  and  2000  sec-01  at  an  altitude  of  100,000  ft.  The 
scattering  efficiency  g  is  given  by 


~  .15  at  sea  level 
=  15%  at  100,000  r 


1.3  The  Laser  Source 

Over  recent  years,  there  has  been  much  work  on  the  develop¬ 
ment  of  tunable  infra-red  lasers  (.Melngailis  and  Mooradian, 

1975)  [4].  These  lasers  are  made  of  lead  salts  such  as  lead  tin 
telluride,  lead  gallium  teiluride,  lead  sulphide  selenide  and 
lead  sulphide.  They  can  operate  over  a  wavelength  range  of  3  - 
30  p  depending  on  the  chemical  composition.  Fine  tuning  is 
achieved  by  changing  the  temperature  of  the  laser.  The  laser 
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has  a  linewidth  : f  about  2  MHz  and  is  capable  of  resclvinr 
6xcr0r.0lv  f'i  n~  soso^rosccoio  d.9  tr  3.  i  i .  T ri 9 s  6  la  s  9  r1  s  p  ^ 0 
ingly  snail  and  operate  continuously  at  a  current  of  a  few  bund  re 
rr.iiliar.ps .  They  do,  however,  require  cooling  to  10  -  1C0°K. 


The  lead  salt  laser  diode  system  was  procured  from,  laser 
Analytics  Inc.  of  Lexington,  Massachusetts.  This  company  sucolie 
a  complete  lead  salt  laser  diode  system.  This  consisted  cf  the 
refrigerator,  cryostat,  temperature  controller,  and  laser  con- 


1.4  Resonance  Linewidth 

The  laser  itself  has  a  very  narrow  spectral  width  cf  5  MHz. 
The  width  of  the  resonance  line  of  C02  is  much  larger  and  deter¬ 
mined  by  two  factors: 

1.  Doppler  broadening,  and 

2.  Pressure  broadening. 

The  former  is  caused  by  the  Doppler  shift  from  the  thermal 
motion  of  the  CC2  molecules.  The  broadening  is  iSS  MHz  for  CD2 
at  a  temperature  cf  -55°C.  The  pressure  broadening  is  due  to 
collisions  with  other  molecules.  Its  magnitude  is  about  4  MHz 
per  millibar  of  atmospheric  pressure.  Thus,  at  a  pressure  of 
100  millibars  we  have  a  linewidth  of  about  4CQ  MHz  and  at  sea 
level  will  have  a  linewidth  of  4  GKz.  It  is  this  pressure  broad¬ 
ening  which  primarily  determines  the  width  cf  the  resonance  line. 
Measurement  of  this  linewidth  will  enable  the  altitude  cf  an 
aircraft  to  be  measured. 
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1.5  Signal  Detection 

The  scattered  fluorescence  can  be  detected  in  one  of  owe 
ways;  either  directly  or  by  heterodyne  detection.  The  direct 
dection  is  the  most  straightforward,  but  the  heterodyne  detection 
promises  greater  sensitivity.  In  heterodyne  detection  the  scat¬ 
tered  radiation  is  caused  to  beat  with  the  original  laser  output 
to  give  noise  free  amplification.  Heterodyne  detection  does, 
however,  have  inefficiencies  not  present  in  direct  detection 
schemes.  Beam,  splitter/combiner  losses  are  30% .  Radiation  is 
scattered  into  other  rotation  lines  and  not  detected  (90%  lost) 
and  the  bandwidth  of  the  detector  is  less  than  that  of  the  line 
of  C02  (90%  lost).  This  gives  an  overall  efficiency  of  only  0.2% 
at  most.  However ,  heterodyne  detection  does  have  the  potential 
for  one  to  two  orders  of  magnitude  greater  sensitivity  than 
direct  detection.  An  Indium  Antimor.ide  detector  has  been  used. 

1.6  Operation  of  the  Sensor 

The  laser  is  tuned  to  a  4.3  u  resonant  line  of  the  CC2.  The 
frequency  of  the  laser  is  then  scanned  by  a  ramp  waveform,  on  ~he 
current,  which  will  drive  the  laser  through  the  resonance  line. 
The  output  of  the  reference  detector  can  be  monitored  directly 
since  the  signal  is  strong  and  of  small  bandwidth.  This  detector 
shows  a  peak  in  the  absorption  of  the  laser  radiation  by  the 
reference  cell  of  C02,  corresponding  to  zero  velocity.  The 
width  of  the  absorption  peak  corresponds  to  the  known  pressure 
of  the  C02  in  the  reference  cell. 

The  output  of  the  heterodyne  detector  is  treated  a  little 
differently.  It  is  first  amplified  by  a  wide  band  preamplifier 
of  bandwidth  AF  and  then  detected,  or  squared,  and  integrated 
with  a  bandwidth  Af.  This  enhances  the  signal-to-ncise  ratio  by 
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3.  f*3.c4r?r*  c r  AF/Af  ov*3 r*  rsv/  si.TP.cil.  Tn6  hs't6r,ociyr.6  do* 
output  is  then  correlated  with  the  reference  detector  cut: 
The  frequency  shift  between  the  peaks  is 


23SV  MK; 


(  -  \ 
.  £  i 


where  V  is  the  aircraft  speed  in  kts,  and  the  atmospheric  pres¬ 
sure  is  obtained  from  the  width  of  the  heterodyne  detector  peak 
and  i  s 


(16  p2  +  Ad 2 ) MHz  (3) 

where  p  is  the  pressure  in  millibars  and  Ad  is  the  linewidth  due 
to  the  motion  of  the  carbon  dioxide  molecules.  At  a  temperature 
of  -55°C ,  this  linewidth  is  1 8 S  MHz.  It  would  appear  that  the 
accuracy  of  this  technique  of  altitude  measurement  would  be  poor 
above  30,000  ft  because  the  linewidth  is  determined  more  by  the 
Doppler  broadening  than  by  the  pressure  broadening  above  that 
altitude . 

The  lowest  airspeed  which  can  be  measured  with  this  sytem 
depends  upon  how  small  a  fractional  shift  in  the  line  we  can 
measure.  A  speed  of  100  kts  corresponds  to  a  shift  of  23- S  MHz. 
At  sea  level,  this  represents  approximately  1/2 3  of  the  line- 
width;  at  30,000  ft  it  Is  lh%  and  at  100,000  ft  is  it  12S.  Thus, 
low  speeds  are  easier  to  measure  at  high  altitude. 
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2.  CALCULATION  OF  SIGNAL  STRENGTH 
2.1  Introduction 

This  section  discusses  the  signal  strength  tc  be  expected 
for  the  detection  cf  fluorescence  from,  carbon  dioxide.  first, 
we  will  consider  the  strength  obtained  by  heterodyne  detection 
of  the  backscattered  fluorescent  radiation.  Then  we  will  compare 
this  with  the  signal  obtained  by  forward  scattering.  Finally, 
we  will  consider  which  type  of  photodetector  is  most  suitable 
for  use  in  the  heterodyne  detection  of  radiation. 


2.2  Signal  for  Backscattered  Heterodyne  Detection 

The  nest  sensitive  method  for  detecting  the  backscattered 
signal  from  the  carbon  dioxide  is  by  heterodyne  detection.  Here 
the  signal  radiation  is  nixed  with  original  laser  radiation  and 
the  two  beat  together.  Because  a  photodetector  is  a  square  lav; 
device,  the  resulting  photocurrent  is  proportional  to  the  square 
root  of  the  product  of  the  laser  and  the  signal  intensities. 

This  results  in  a  noise  free  boost  in  the  signal  level. 


In  heterodyne  detection,  the  detector  noise  itself  is  not 
relevant  since  the  local  oscillator  can  always  be  nade  strong 
enough  so  that  the  detector  is  shot  noise  limited  in  the  signal. 
The  photocurrent  of  the  signal,  I  ,  is  given  by 


I 

s 


2/FsPLO  R 
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FIG.  2.  GEOMETRY  OF  BACKSCATTERING. 


Report  No.  4607 


Bolt  Beranek  and  Newman  Inc 


A L  =  co ror.t  <d oo rh  o f  r  1  —  1  d  — 
A  =  wavelength  of  laser. 


.  nen, 


p  =  P  fr  k"  ^  v  r»  —  ■ 
‘  S  *  0  C  '* . * 


This  is  independent  of  the  receiver. 

How  this  power  is  distributed  over  the  whole  natural  line- 
width  An,  whereas  we  can  only  detect  that  part  within  the  detec¬ 
tor  bandwidth  AF.  This  reduces  the  effective  power  by  AF/An. 
Hence,  sicnal-to-noise  ratio  is 


lu 


?  0  RAFoXk 
2eAf  An 


V  e  C  -  ' 


-2kL  1 


ror 


Fo  " 
R  = 


AF/An 

Af 

3 

A 

k 

L 


100  uwatts, 

=  2  amps/watt, 

=  .01, 

=  100  He, 

=  0.001, 

=  5  x  10“6  m, 

=  1  m- 1 
=  1  m,  then 

=  30  or  15  dB  . 


Alternatively  if  we  are  detecting  spontaneously  emitted 
radiation  from  a  black  body,  then  from  Plancks  radiation  law 
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p 

'  s 


2hnAF 


X 2 [ exp (hn/kT)-l] 


wat  t  s  /r.e  t  er /s t  era  d  i  ar. 


where  h 


n,X 


Planck’s  constant  =  6.625  x  10-34  watts  sec 

Boltzman’ s  constant  =  1.33  *  10“23  v/att  sec/de  -° K 

frequency  and  wavelength  of  radiation  =  7  x  if13  h 
4.27  ym 


T  =  temperature  of  body  =  300°K. 

Then,  ?s  =  6.44  x  10“14  AF  watts/meter2/steradians . 

For  heterodyne  detection,  the  product  of  area  and  spherical 
field  of  view  is  determined  by  coherence.  For  a  laser  ir.  a  TEM 

c  c 

mode,  this  product  can  be  shown  to  be  0.913X2.  For  other  modes 
the  num.berical  factor  differs  slightly.  Then 


?  =  1.05  x  io*24  AF  watts 


\ 


and 


=  3.2 


10 


_5  RAF 
Af 


For  both  of  these  heterodyne  schemes  we  require  a  ice:  "ion 
with  a  large  respons ivity-bandwidth  product  and  an  integrator 
with  a  long  tine  constant. 


2.3  Calculation  of  Forward  Heterodyne  Signal 

Let  us  consider  a  convergent  laser  beam,  fhalf  an~ie  a'  fall¬ 
ing  on  a  photodetector  of  radius  a  and  cover in ~  it  (Fir.  3 3 •  The 
laser  radiation  is  scattered  by  a  CC2  molecule  and  some  of  this 
radiation  also  falls  on  the  photodetector.  here  the  scattered 
and  direct  radiation  beat  together  to  rive  a  heterodyne  si'nal. 
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FIG.  3.  GEOMETRY  OF  FORWARD  SCATTERING. 


The  direct  bean  power  =  P0  exp(-kL),  where  ?  =  initial  laser 

power,  k  =  attenuation  coefficient,  and  L  =  path  length  through 
the  air.  The  scattered  team,  power  =  Pg  exp[-k(L)j  na2/47rR2  * 
o  ^ tt (  "x ^  '  2  ,  sunn  ' o  '  n  *  ^  g—  s  ^ a r i r  i . :  i  s  c  **  r  or  i  o  and  a ha t  the 

scattering  center  is  at  a  distance  R  from,  the  phctcdetec tor  and 
a  is  the  scattering  cross-section. 


Row,  if  the  scattered  and  the  direct  wavefronts  have  paralle 
wavefronts ,  'here  will  te  rerfec*:  nixin'  and  the  heterodyne 
simnal  will  be  the  square  root  of  the  product  which  is 


o  Y  y  _  'j-  ■  ) 

o  '  '  _Ri,ctR.+a)  ^ it  An 


a 


fa  AR 


where  An  =  molecular  iinewidth  and  AF  =  photcdetect or  bandwidth. 
Row  we  can  write  the  scattering-  cross  section  a  as 
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a  =  ko/R  , 

where  3  =  that  fraction  of  the  absorbed  energy  which  is  scattered 
and  M  =  number  of  molecules  per  unit  volume. 

Vie  will  now  integrate  over  the  volume  of  the  beam  to  obtain 
the  total  scattered  beam  oower  or.  the  ohotodetecror  which  is 


?.  exD(-kL) 


4irR2  m(aR+a)2 


R  Vc*a  2 
-  0 


exp (-kL) 


■  R  2 


P0kma2 


exp ( -kl)/R  .  . 


R  .  is  the  detector  window  distance  which  is  1.2"  cm.  in  cur  case, 
min 

If  the  scattered  waves  have  the  same  wavefront  as  the  direct 
'wave,  then  the  heterodyne  current  from  c  is 

r.  „  .  ,  .  x  f  kmAf  l1- 

p.*a  exp^}  • 
min 

In  oractice  the  scattered  and  direct  wavefronts  are  not  coinci¬ 


dent  . 


?he  phase  difference  at  a  distance  r  off-axis  is 


2tt  r"  a  ,  1 
X  2  a  R 


fhe  average  chase  of  the  signal  is 


Report  No.  4607 


Bolt  Beranek  and  Newman  Inc. 


$  = 


ma 


2  J 


O  “ry  v*  A  Q  y% 


ira 

n 


,  a 

“  +  p 


-he  average  chase  of  the  whole  scattered  bear,  i 


*  =  R  .  Jy 
min  4  A 


R  .  R2 

T1  i  n 


a  + 

K  | 


=  R 


Tra 


min  7T 


R 


min  2 R 2 . 

mm 


=  $ ( 2R„ . „ ) 


min 


cr  the  mean  phase  is  that  scattered  from  a  distance  of  twice 
R  i  .  The  heterodyne  current  is  proportional  ~c  cosine  $  and  is 
equal  to 

P^Ra  exp(-kl) 

The  death  of  modulation  is  then  divided  by  P  .  Mow,  if  we  take 

0 

a  =  0.25  mn,  k  =  .010  mm,  L  =  .2  m,  g  =  10-2,  Af/Av  =  10-2 , 

R  .  =  12.5  mm,  and  a  =  .012  rads,  deoth  of  modulation  =  2.5  x 

mm  ’  ’ 

iO-6 . 


kaAF 


R  .  Av 
min 


Tra  , 

ccs  [m  (a 


+  a/2R  .  )  I 
mm  j 


2.4  Ratio  of  Forward  to  Backscattered  Signal  Currents 

This  ratio  is 


f  m  > 
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V*  i'.IOH  X  o  Cl  u.V3  C 1' Cl ’.r r* 

and  bacfcscatcered  are 
net:  too  strong. 

2.5  Selection  of  Photodetector 
2.5.1  Introduction 

The  selection  of  a  photodetector  for  the  Laser  Doppler  Air¬ 
speed  Sensor  must  be  made  carefully  if  we  are  to  achieve  optimum 
performance  for  the  system.  However,  the  figure  of  merit  used 
to  compare  detectors  is  different  for  whether  direct  detection 
or  heterodyne  detection  is  employed.  These  figures  of  merit  will 
be  derived  and,  as  may  be  expected,  a  different  detector  is 
optimum,  in  the  two  cases.  There  are  three  basic  types  of  de¬ 
tector: 

1.  Thermal  (pyro-electric  or  thermopile) 

2.  Photo-conductive  (current  a  light  level) 

3.  Photo-voltaic  (voltage  y.  light  level). 

These  various  materials  are  detailed  ir.  Table  1.  Thermal  detectors 
are  quickly  dismissed  as  being  much  less  sensitive  than  the  ether 
types.  Photo-voltaic  detectors  are,  in  fact,  the  most  promising 
since  they  are  much  faster  ‘■'nan  phctc-conductive  types.  The  two 
materials  with  good  sensitivity  at  the  wavelength  cf  interest 
(4.3  micrometers)  are  Indium  Antimonide  and  Mercury  Cadmium 
Telluride.  Of  these,  the  former  is  an  inherently  quieter  detec¬ 
tor. 


2.5.2  Detectivity 


For  conventional ,  direct  detection 
detector  is  called  its  detectivity  or  D* 


Vo 0  c * 


is 


t  he 
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c:  ur.it  are 


~  ^3  0  T*  C  ^ r*  \  ^  X*  3  ^  ^  <a  yp  --  v>  3  yi 

unt  of'  rov;6T  *.v hi  2 0.  can  bp  d p t pc *r p d . 


s  Iiv-ac 
"  Ti  P  v')  ^ 


TABLE  1.  COMPARISON  OF  PHOTODETECTOR  MATERIALS. 


Material 


Type 


pyroelectric 
Phctocor.iuct  ive 
Photovoltaic 
Phot  occr.duct  ive 
Photoconduct ive 


Temperature 


Responsivity  i 

(R) 

Detectivity 

Response 

Time 

(t) 

R/t 

1.5  x  10“ 6  amp/ watt  | 

O 

X 

150  n  sec 

10 

1.3  x  10~2  amp/vatt  j 

1.3  x  10“ 

25  U  sec 

500 

2  amp/watt 

1  x  10U 

20  r.  sec 

10s 

1  *  10~2  amp/vatt 

3  x  io* 

2  n  sec 

5  x  10 

1  amp/vatt 

10:o 

" 

250  n  sec 

U  X  10 

1.2  amp/vatt 

2  x  xo9 

3  n  sec 

1  X  10 

2.5  amp /watt 

j  2  x  io 10 

1  u  sec 

2.5  *  10 

detectivity  e:  a  aevice  r.ay  ce  aeterr.ir.ee  eitr.er  b 
r.al  noise  or  'ey  r.cise  ir.  the  ambient  fcaek.-round  (5 
r.ited  Perforr.ar.ee ,  BLIP  I.  At  rccr.  temperature  all 
re  limited  by  their  intrinsic  noise.  However  if  *" 
d,  this  decreases  until  they  tecer.e  background  lir 
,  most  detectors  are  cooled  by  liquid  nitre men  in 
BLIP,  even  though  they  will  operate  at  room,  ter.pe 

BLIP  can  still  vary  between  detectors  since  it  can 
amount  of  background  that  the  detector  sees.  1“  i 
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;ney  are  _ess  sensitive  tc  trie  eacKr 
vu.m  detector  has  the  fcllcwinr  feat  a 


r*  r  to  ^  : 


,  .O  r  '  ^  ' 


-  tr  o 


Jetector  not  sensitive  tc  wave*-; 
of  interest. 

A  Cold  Filter  can  be  placed  over 
its  spectral  resoonse. 


A  Cola  Shield  limits  the  field 


r-  v  a- 


f  Gf  ■ 


i s p 


tc 


level  equivalent  tc  10 


-  16 


v/atts  c: 


2.5.3  Heterodyne  detection 


—  ri  ^0 c  .  t n 0  discussion  o p  ^ p *■  ^ >■* > •* v-, ^  h 0 - - 

shown  that  the  important  parameter  in  evaluating  the  per  f; 
cf  the  chotodetectcr  was  the  product  of  the  respcnsivity  z 
c 3. ndv; idth  c d  t no  dotocto"^.  Tti0r,,3'<:*cr,09 


"1  rl  q  **  *  v 


t  r.e 


2.5.4  Local  oscillator  power 

In  heterodyne  detection,  the  process  is  shot  noise  limited, 
providin'  that  the  local  oscillator  is  stror.m  enourh  that  its  own 
shot  noise  dominates  all  other  noise  in.  the  chotodetectcr.  These 
3  0 ur c e s  are  : 

1.  Packrround  or  detector  noise  as  described  bv  the 
detectivity  of  the  detector. 


Preamplifier  noise. 
Laser  noise. 
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TABLE  2.  TWO  HETERODYNE  PHOTODETECTORS. 


■ 

1 

1  Indium  Antimonide 
( SBRC ) 

:  Mercury  Cadmium  Telluride  j 
(Honeywell  DLK146)  1 

'  " 

\, 

Detectivity  (watts  cm  Hz)  1 

o 

r - 4 

X 

CO 

2  x  109  J 

Diameter  (mm) 

0.5 

0.375 

Bandwidth  (MHz) 

20 

100 

{  Photodetector  HEP  (watts) 

o 

O 

X 

r-» 

1.8  x  IQ-7  | 

|  Amplifier  NEP  (watts) 

2.2  x  10-8 

X 

o 

CD 

!  Responsivitv  (amps/watts) 

2.0 

1.2  I 

| 

I  Local  Oscillator  Power 
|  Minimum  (milliwatts) 

0.15 

I 

1.4 

\  Responsivitv  x  Bandwidth 

|  (amps  MHz/watts) 

40 

120 

The  distinction  between  detector  noise  and  preamplifier 
noise  is  scr.erim.es  a  little  difficult  to  make.  At  the  wide  band- 
widths  used  for  heterodyne  detection,  no  detector  is  background 
r.cise  limited,  but  rather  limited  by  thermal  or  Johnson  noise 
generated  by  the  impedance  of  the  photodetector  as  seen  by  the 
preamplifier.  The  lower  this  impedance  the  greater  the  noise 
equivalent  power.  The  performance  of  Indium  Antimcr.ide  is  deter¬ 
mined  by  its  junction  capacitance  which  is  about  100  pf  for  a 
1/2  mm  detector.  In  the  case  of  Mercury  Cadmium  Telluride,  the 
junction  capacitance  is  about  the  same,  tut  the  dynamic  impedance 
is  very  lew,  about  30  ohms,  which  makes  the  detector  appear  very 
noisy.  The  penultimate  line  in  Table  2  details  the  local  oscil¬ 
lator  cower  reauired  for  shot  noise  limited  heterodyne  detection. 
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is  net  expected  that  mere  than  a  few  hundred  microwatts  cf  local 
oscillator  power  '.-.’ill  be  available  from,  the  diode  laser  ar.d  there- 

**Qr)p  3Vio“  *"1  ""i  *  3 c?  Z*  r  *"  CCli'  d  C'-  t  —  ^  C  ^  -3.  ~  n62  r* r*~  *■  ^ o  ' T 0 10 P U ^  V 

Cadmium  Telluride  detector. 

Finally,  laser  r.oise  may  prevent  shot  noise  limited  opera- 
+ ion  cf  0rodvr.0  detect cr'  T'^is  n ci s 0  cr'cr‘03sc:is  c."’2o0c^’"'*: 

with  laser  power  and  cannot  t e  overcome . 

2.5.5  Choice  of  photodetector 

For  direct  detection  of  infrared  radiation  with  a  wavelength 
cf  4.27  micrometers  at  frequencies  below  1  MHo ,  photovoltaic 
Indium.  Ar.tim.onide  or  photoccr.duct  ive  Mercury  Cadmium  Telluride 
detectors  are  the  most  suitable.  For  heterodyne  detection, 
photovoltaic  Mercury  Cadmium  Telluride  detectors  have  the  best 
figure  of  merit,  but  the  oral  oscillator  power  required  is  more 
than  we  have  available.  Therefore  an  Indium  Antimonide  detector 
was  used  in  both  cases.  One  was  procured  from  the  Santa  Barbara 
Research  Center,  along  with  two  matched  preamplifiers  —  one  for 
low  frequency  direct  detection  and  one  for  high  frequency  hetero¬ 
dyne  detection. 

The  data  described  here  are  based  upon  commercially  available 
detectors  and  does  not  necessarily  represent  the  ultimate  state 
of  the  art. 
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3.  CHARACTERIZATION  OF  CARBON  DIOXIDE  LINES 

Careen  dioxide  has  three  rode 3  of  vibration.  Since  it  is  a 
lin03.r  rr.oLsc  11 1.0  d hio r* 0  2.^*0  ^ 

Y'n^rr*  0  ^  ^  n  o  "'ode  (IOC)  _  ^  C3,r>bc>l  -  2  2  "  **  1  r'  v»  7 

•2nd  trico  cxv^ens  ,v,ov6  f.n  orros *'  ^  «  t  c, ^  ^ ^  ■*  *-,  —  >. ^ 

line  of  the  molecule. 

c .  Bending  mode  (degenerate  CIS)  —  The  oxygens  move  to¬ 
gether,  perpendicular  to  the  line  cf  the  molecule. 

c.  Asymmetric  mode  (001)  —  One  oxygen  and  the  carbon  move 
one  way  and  the  other  oxygen  moves  in  the  opposite 
direction  in  the  line  of  the  molecule. 


IOO  OIO  001 


FIG.  4.  C02  VIBRATION  MODES. 

Since  the  first  two  modes  are  symmetric,  they  cannot  have  any  net 
electric  dipole  moment.  Thus,  only  the  001  mode  can  be  excited 
by  an  electromagnetic  field.  It  is  this  node  that  we  are  employ¬ 
ing  in  this  study.  This  mode  has  a  natural  frequency  correspond¬ 
ing  to  a  wavelength  of  4256.7  nm  (in  vaccuo). 

The  spectrum  is  complicated,  however,  by  the  fact  that  the 
C02  molecules  are  also  rotating  and,  since  a  photon  contains 
angular  momentum,  the  C02  molecule  must  also  change  its  angular 
momentum  when  it  emits  or  absorbs  radiation. 
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The  rotational  kinetic  energy,  r,  -  of  the  molecule  it 


~  =  5J ( J+l )  -  DJ2(J+I) 
n0  '  ' 


where  h  =  Plar.cks  constant,  c  =  speed  of  light, 
J  =  rotational  quantum,  number, 

27-99^  x  10"“° 


_ n_ 

Q  2 

dir  c. 


1  _ 


=  0.3895  cm-1  for  CO, 


T  = 


moment  of  inertia  of  the  molecule 


in  ground  state 


D  =  stretching  tern  due  tc  centrifugal  force  =  53A2v2 

v  =  natural  resonant  frequency  of  the  molecule. 

However,  in  12C  15  02  ,  the  atomic  spins  are  tero ,  and  symmetry 
rules  then  require  that  odd  values  of  J  are  forbidden.  There¬ 
fore,  the  selection  rule  for  any  transition  is  A J  =  0,  ±  2. 
However,  if  AJ  =  3,  the  angular  moment urn  of  the  emitted  or  ats: 
photon  is  not  conserved.  Therefore 

AJ  =  ±2  . 

If  AJ  =  -2,  the  transition  is  said  to  be  in  the  P  branch 
and  if  AJ  =  +2,  it  is  said  to  be  in  the  R  branch.  The  wavenum¬ 
bers  in  the  two  branches  are  (Herzberg,  19^5) 


P(J)  =  -  ( B ' +3" ) J  +  ( 3 ' -3" ) J2 

c 


R(  J  )  =  —  +  2B'  +  {  32 '  -B"  )  J  +  ( B ’  -?. "  )  J 2 
where  3’  =  0.3366  cm-1  and  B"  =  0.3395  cm-1  are  the  rotational 


.’L  ed 


Report  No.  4607 


Bolt  Beranek  and  Newman  Inc 


^  g  *-  o  m  *“  v"i  t*  b*  f'  'I  1  2.K.H  •/"'  '  p  j  ''•a  c  o  ^  yp  1  v  ^  n  ■■''j  , "’  4  .-  ♦"  r  * 

rotational  quantum,  number  of  the  lower  state.  These  rear  be  sum¬ 
marized  as 

-  =  234S. 2  +  .7761  m  -  .002?  m2  on-1 
c 

where  m  =  -J  for  the  P  branch  and  n  =  J+l  for  the  R  brand'.. 

The  intensity  of  each  line  is  determined  by  the  population 
of  the  initial  state.  This,  in  turn,  is  determined  by  the  therms 
Boltzr.an  distribution.  The  P  and  P  branches  are  symmetrical. 

'  ’  ^  g  y  ’  -\j  o  g  vi  4  g  ^  uO  t  '10  i  1  ^  3.1°  *"  6  Vl>"'1  V  ,f  \‘l  Y\  ~  ■***  '  S  ‘  ^  ci  3  ^  ^3  ^  Cl 

in  Fig.  5 • 

R  BRANCH  P  BRANCH 


The  population  of  the  J  level  .'I(J)  is  riven  by 
N(.J)  «  (2J+1)  exp(-Ej/kT)  for  J  even  only 

*  ( 2 J+l )  exp[ {-J (J+l)  +  .0037J2(J+i:2}/535.3" 
at  3  0 0 °  K . 

This  has  a  maximum  for  a  J  value  of  approximately  It  at 
temperature  (300°K). 
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The  exact  frequencies  of  the  F  branch  of  the  4 .  f  f  'on  branch 
of  TT  have  been  calculated  and  are  'iver.  in  Table  3. 

TABLE  3.  WAVELENGTHS  OF  P  BRANCH  OF  4.25  BAND  OF  C02 . 

Wavelength  (pm) 

J  in  Vacuum 


0 

4.2567 

2 

4.2595 

4 

4.2624 

6 

4.2654 

8 

4.2683 

10 

4.2714 

12 

4.2744 

14 

4.2775 

16 

4.2807 

18 

4.2839 

20 

4.2872 

22 

4.2905 

24 

4.2938 

26 

4.2972 

28 

4.3007 

30 

4.3042 

32 

4.3077 

34 

4.3113 

36 

4.3149 

38 

v© 

OO 

cn 

40 

4.3224 

The  laser  diode  has  been  used  to  identify  as  many  cf  the  CO 
lines  as  possible  and  measure  their  strength.  The  results  are 
shown  in  Fin.  c.  Laser  Me.  1  was  tuned  ever  the  ranee  from 


mtmtt Ml  ■mm* 
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4.  EXPERIMENTAL  MEASUREMENTS 

Ty*0  y.\3.L  v.  curcc-se  of  c  r1  o  00*00.  is  zc  nB  r±  s  u  r*  0  o’ob  0*0  sc  n 3.  r  *~ 

fluorescence  of  carton  dioxide  in  the  -U2?  ur.  band.  This  car.  he 
done  ty  one  cf  three  techniques: 

1  O  '  v*  ^  t-  O  gi  •*-  .zi  -»  4-  ' 


2.  Heterodyne  detection. 

3.  Heterodyne  detection  of  the  background. 

The  experimental  arrangements  for  these  three  techniques  are 
shown  in  Hips.  7-9.  Ar:  Indium  Antimc-nide  detector  'coded 


iiouid 


.  tromen ) 


;sed  for  the  reasons  riven  in  S« 


The  Laser  Analytics  Laser  Cold  Head  was  mounted  on  a  Hewpcr 
Research  Corporation  Cptioal  Breadboard,  2  ft  4  .  The  head 

was  mounted  on  posts  so  that  the  laser  diode  was  t  in.  above  the 
table.  The  whole  optical  system  was  then  kect  at  this  height. 
This  greatly  eased  the  alignment.  The  laser  output  beam  was 
quite  narrow  (130  m.rad  divergence)  cut  at  an  odd  angle  to  the 
optical  axis.  Accordingly,  the  output  is  collected  ty  a  1-in. 
diarn  f/1  ler.s  made  of  Irtran  2  (zinc  sulphide).  This  is  an 
aspheric  lens  and  is  available  from  Eastman  Kodak.  This  then 
collects  the  laser  output  from  wherever  it  may  be.  Calcium 
Fluoride  lenses  and  a  beam  splitter  were  used.  A  lead  seler.ide 
detector,  which  is  thermoelectrically  cooled,  is  used  as  a  team 
monitor  and  an  Indium  Antimonide  detector,  which  is  cooled  by 
liquid  nitrogen,  is  used  to  detect  the  signal.  This  latter 
detector  has  two  associated  preamplifiers;  a  high  gain  one 
(520  V/pwatt)  with  a  bandwidth  cf  10  kHz,  and  a  himh  bandwidth 
one  (20  MHz)  with  a  lower  sensitivity  70. 73  7/uwatt). 
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FIG.  7.  DIRECT  DETECTION. 
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4. 1  Direct  Detection 


The  Ir.Sb  I  Indium  i 
:he  o^.T.0  3.s  ths 

'  'TT  D  '  ^  fHe  *  ■ 


Lrr.onide'  detec 


laser  was  fee used.  The  noise  equipment 
i0tectcr  had  b  0  0  n  caliber*  ad  ad  bv  bria  rr.  anufa^ 

1 

Purer  as  1.32  *  10“ 13  watts /Ho'2  or  5.12  *  ID-12  watts  cn  a  1 
bandwidth.  Such  lew  values  were  achieved  because  the  detector 
had  a  cola  aoerture  in  front  which  restricted  its  field  of  vie 


The  power  in  the  laser  bear,  was  measured  with  the  PtSe 
(Lead  Selenl.de)  debeer- on.  V,  1  t b.  rne  laser*  In  c doc  mcde?  a  signal 
of  2.1  Volts  v/as  obtained.  The  manufacturers  quoted  sensitivity 
was  21  mV/uwatt  at  1.2  pm  wavelength.  This  implies  a  beat,  power 
of  IDO  uwatt .  Mew  the  collecting  lens  subtended  a  solid  anrle 
cf  2.11  steradia.ns  and,  therefore,  collected  11  of  the  scattered 
radiation.  A  depth-of-f ield  cf  1.3  mm  can  be  expected  for  the 
0.2  mm  detector.  For  an  attenuation  coefficient  of  0.0 
0.1  %  is  scattered  in  0.3  rr.n.  Further,  as  discussed  in 
at  ambient  pressure,  only  0.10  cf  the  absorbed  radiation  is  re¬ 
radiated.  Combining  all  these  factors,  we  obtain  an  estimated 
signal  strength  of  10” 12  watts. 

This  si-r.al  is  one-fifth  the  estimated  noise  voltaoe  cf 
5  *  IQ-12  watts.  Accordingly,  it  is  not  surprising  that  the 
results  of  this  experiment  were  negative  and  no  signal  could  bo- 
detected. 


4.2  Heterodyne  Detection 

The  experimental  arrangement  shown  in  Fig. 


se:  ur 


The  v/ide  bandwidth  preamplifier  was  used.  This  had  a  noise 

'>““12  /’Jh  -  /-  -»o  1  O  C  ^  np,— 8  ,.,,3  , 


equivalent  power  of  1.2 
for  a  20  MHa  bandwidth. 


wa: 

his  was  teas  sec 


X 


oo  r/j 
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’*/ 3, s  6d  j  *"  iv i. cl t  n  ^  c  ^  o 2. 0  *->  bu'0  4  ^  ^  ^  1  ■* r  ^ p  >rn^ i.;^  r?  v-  ^ 

then  weakened  until  it  disaopeared .  Cn  reventi.nr  to  the  atrr.cs- 
chere  it  reacceared.  A^ain^  this  time  at  ^t’^osoher’^'^  o^^ssur10 
the  cell  was  flushed  with  helium.  Amain  the  r.cise  "hurst" 
disappeared.  Conditions  in  the  gas  cell  cculd  net  possibly 
affect  the  laser  mode  switching  and,  therefore,  the  r.cise  has  tc 
originate  from  the  gas  in  the  cell. 

This  noise  from  the  CC  could  be  due  to  one  of  two  processes 

a.  Hoise  inherent  in  the  absorption  process. 

b.  Heterodyne  beating  of  fluorescent  radiation. 

The  noise  inherent  in  the  absorption  process  can  consist  of  the 
following  mechanisms: 

1.  Photon  noise  due  to  fluctuations  in  the  absorption 
rat  e . 

2.  Carbon  dioxide  density  fluctuations. 


?  t- *  yl  S’ '1-3*5 

The  laser  beam  is  made  up  cf  discrete  photons.  Accordingly 
there  are  fluctuations  in  the  arrival  rate  of  the  photons  and 
this  appears  as  noise  in  the  cutout  cf  the  ohotcdetector . 


Arrival  rate  of  ohotons  =  — : -  oer  unit  time 

hv 

where  h  =  Plancks  constant  and  v  =  freauenev  of  laser  light. 


Noise  due  to  variation  in  arrival  rate  = 


fp 

t^- 


:er  unit  tir.e. 
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}  &  f-  n  ' 


f2P0e'kL  Aflh 
[  hv  '  . 

Ac  the  sane  tine,  the  absorption  of  the  photons  is  a  statistical 
process  which  generates  noise  similar  to  the  random  arrival  rate 
of  photons.  This  rms  noise  is 

2 P Q ( l-e_KL ) Af  *s 

. 

The  sun  of  these  two  noise  mechanisms  is 


which  is  the  noise  from  the  unattenuated  beam.  _hus ,  the  photon 
noise  is  independent  of  the  absorption  by  intermediate  gases. 

Fare  on  Zi  oxide  Zensit-u  Fluctuations 

The  fluctuation  in  the  number  of  molecules  in  a  volume  which 

1, 

on  the  average  contains  N  molecules  is  N'2.  There  are  on  the  aver¬ 
age  about  10 15  carbon  dioxide  molecules  in  the  laser  beam  at 
ambient  pressure.  The  fluctuation  is  3  x  107  or  1  part  in  30 
million.  Thus  we  could  expect  noise  on  the  C02  absorption  line 
of  3  parts  in  10a  due  to  the  density  fluctuations  of  the  C02. 

This,  however,  is  much  smaller  than  the  noise  'which  has  been 
observed. 


3*5 
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He  zero dp nc  Selection  of  Fluorescence 

Having  ruled  our  noise  due  to  the  absorption  nrccess,  we 
must  conclude  that  the  noise  is  due  to  heterodyne  detecti'n  of 
radiation  emitted  from,  the  carbon  dioxide  molecules.  This  radia¬ 
tion  has  been  inelastically  scattered  by  the  molecules.  If  it 
had  been  elastically  scattered,  the  bandwidth  would  be  approxi¬ 
mately  ca/X,  v/ here  c  =  mean  molecule  velocity  and  a  =  beam,  con¬ 
vergence  and  this  is  approximately  1  :4Hz.  Further,  it  would  te 
independent  of  pressure. 

The  only  difficulty  with  the  suggestion  that  we  are  detect¬ 
ing  the  fluorescence  signal  is  that  it  is  about  100  times  stronger 
than  that  calculated  in  Sec.  2.3.  At  this  time  nc  explanation 
can  be  given  for  this. 

The  relative  strengths  of  the  forward  and  backseat tered 
signals  were  evaluated  by  placing  a  gas  cell  in  the  measurin' 
volume  of  Fig.  S.  Then  as  the  pressure  in  the  cell  was  pumped 
down,  the  linewidth  of  the  backscattered  signal  would  be  reduced 
while  the  forward  scattered  signal,  due  to  C02  near  the  detector, 
is  unchanged.  Ho  change  in  the  linewidth  was  observed,  indicat¬ 
ing  that  the  signal  was  primarily  due  tc  forward  scattering. 

This  was  confirmed  by  the  fact  chat  the  sensor  was  most  sensitive 
to  CO  close  to  it. 

Simplified  Fcruard  Scattering 

From  this  stage  on  a  simplified  arrangement  for  the  forward 
scattering  was  used.  This  employed  only  the  single  f/1  lens 
which  collected  the  laser  diode  output  and  focused  It  onto  the 
photodiode.  The  gas  cell  was  placed  immediately  in  front  of 
the  r hot odi ede  and  could  be  evacuated. 
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P’1.1  r*0 


=  ncv/ 


,  1  -  V- 


scanned  through  a  CO  line.  The  ucner  trace  is  the 

2 

output  in  the  3-20  MHz  bandwidth.  The  "burst"  of 


ohctodicd0 
r.oise  is 


clearly  seen.  The  raw  signai-to-noise  ratio  is  about  1”  dE .  The 
lowest  trace  (inverted)  is  the  crystal  detector  output  and  has  a 
signal  to  noise  ratio  of  about  50  dS.  The  laser  power  incident 
on  the  photodiode  was  approximately  100  ywatts. 


Figures  11  and  12  show  laser  scans  at  a  temperature  cf  13°K 
from  1.25  to  2.0  amps.  These  were  performed  at  ambient  pressure 
(760  mm  Hg)  and  47,000  ft  (100  mm  Hg).  Strong  lines  are  seen  at 
1.50,  1.60,  1.38,  and  l.?8  amps.  These  correspond  to  lines 
P(24),  ?(22),  P(20),  and  P ( 1 S )  (probably).  The  spacing  between 
these  lines  is  approximately  5h  gHz  from  Table  2.  There  is  also 
a  very  strong  peak  at  1.63  amps  corresponding  to  the  laser 
changing  modes.  At  1.50  amps  only  one  mode  could  be  measured 
during  the  calibration  whereas  at  other  currents,  two  modes  were 
generally  present.  This  may  account  for  the  signal  at  1.5  amps 
being  so  strong.  In  fact,  there  is  generally  little  correlation, 
between  the  strength  of  the  absorption  line  and  the  "heterodyne" 
signal.  This  is  probably  because  the  "heterodyne"  efficiency  is 
a  function  of  the  spatial  mode  structure  of  the  laser.  This  is 
most  uniform  when  the  laser  is  operating  in  a  single  mode.  In¬ 
deed,  a  very  strong  signal  was  obtained  when  the  laser  operated 
at  only  one  frequency. 


The  "P(22)"  line  at  1.60  amps  increases  in  strength  dramatic¬ 
ally  as  the  C02  pressure  is  reduced.  This  effect  was  repeatable 
and  not  due  to  a  drift  in  the  laser.  The  heterodyne  signal 
strength  is  proportional  to 


A  p 

ok  exp(-kL)  ^ 


33 


A 
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writ 


.  1 1  er  i  r.r 


c  ic  lenc  y  ci  t 


:r es sure)  1 


k  =  absorption  coefficient  a  pressure 
AF  =  detector  bandwidth 
An  =  natural  linewidth  a  pressure 


Thus , 


Signal  a  p”1  exp(-p) 


where  d  =  oressure. 


Thus  the  signal  will  increase  as  the  pressure  is  decreased. 

The  reason  not  all  the  lines  increase  in  strength  as  the 
signal  is  reduced  is  probably  due  to  "saturation"  of  the  strcr.r 
a'csorption  lines  and  only  the  weaker  lines  increase. 

It  will  be  noticed  from  Figs,  li  and  12  that  the  scar,  at 
100  m.n  rig  produces  substantially  narrower  lines  than  dees  the 
scan  at  ambient  pressure  (760  min).  The  scan  rate  of  the  laser 
is  approximately  50  GHz/amp  and  this  makes  the  linewidths 
approximately  10  GHz  and  2  GHz,  respectively.  This  is  substan¬ 
tially  greater  than  the  3  GHz  and  0.5  GHz  expected.  However, 
this  is  probably  due  to  the  strong  absorption  of  these  lines 
which  "saturates"  the  center  and  makes  them  appear  wider  than 
they  really  are. 


4.3  Problems  of  the  Fluorescence  Measurement 

1.  Signal 

As  has  been  described  above,  extreme  difficulties  have  been 
encountered  in  attempting  to  measure  the  fluorescence  of  atmos¬ 
pheric  carbon  dioxide.  These  difficulties  have  arisen  primarily 


L  1 

J 
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a.  The  lew  level  of  the  signal  involved 

b.  interference  from,  atmospheric  carbon,  dioxide  in  one 
interferometer . 

The  signal  is  very  weak  and  even  if  cur  detector  has  enough 
sensitivity,  we  would  not  see  the  signal  because  of  the  forward 
scattered  signal  from  other  carbon  dioxide  in  the  interferometer 
•would  mask  it.  This  problem,  might  be  temporarily  solved  by 
using  Nitrous  Oxide  (N2C)  cr  CljG,  for  the  fluroescen.ee  instead 
of  C  1  202  .  Nitrous  oxide  has  a  band  centered  at  arc 

C  1  302  a  band  centered  at  4.3Sp  compared  with  C 1 2 C2  a  band  centere 
at  d.2op.  Typically  the  R  branch  of  C12 C2  will  overlap  the  F 
branch  of  C13C2  and  thus  a  diode  laser  which  can  measure  one  car. 
measure  the  ether.  Further,  since  the  frequencies  are  net 
identical,  they  can  be  distinguished.  Finally,  only  1'  of  nature 
carbon  dioxide  contains  C13  and  hence  interference  from  natural 
CO 2  will  be  small.  This  technique  should  then  distinguish 
between  the  fluorescence  of  the  C1302  in  a  sample  cell  and 
forward  scattering  of  C1202  in  the  atmosphere.  However,  it  is 
not  a  practical  solution  since  C13G2  is  rare  in  the  atmosphere 
ar.d  if  it  were  not,  it  would  cause  interference. 

2y  comparison  with  the  back-scattered  signal,  the  absorption 
signal  is  very,  very  strong.  The  absorption  could  be  used  by 
placing  a  solid  object  in  the  flow  and  reflecting  the  radiation 
from  the  diode  laser  from  it.  This  has  been  done,  using  a  wire 
several  feet  from,  the  laser.  the  scattered  light  is  collected 
and  focussed  onto  a  phcto-detectcr.  Indeed  a  very  stror.r 
signal  was  obtained.  The  problems  with  this  technique  are 
two-fold : 


MtiiMMiiiii 
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: tr  e«. 


2.  It  does  not 
average  ever 
has  passed. 

An  alternative  t 
infra-red  radiation,  f 
used,  then  the  ' 
net  measure  ait: 
altitudes  above 


7  3_  2.  \L  £  T  p4  £  "r  h  3 

■ : ;  e  a  h  j  1  e  r  e .-  -  i  ..  r . 


rie  i  *  c  w  . 

;  u  t  rr.e  a  sure:  an 
v.' h  1  ? ! i  *l  d c  radian! c  r* 


'•  r\  >•*.  ’  1  ;  .3 


:e  sun  were 


r  d ; . 
I 


could 


Thus  this  interfere:. : e  a r  : 
for  any  practical  air  era f*  sys- 
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5.  CONCLUSIONS 

U0 Iy  7  he1  3  7  7  3 .71 C  C  S  CO  .7I03SU.T*0  l"*  1 UO T ^ S  C  -  0 

pheric  carbon  dioxide  at  infra-red  wavelengths  have  been 


unsuccestu. 


There  is  some  evidence  of  forward  inelasv 
in  the  forward  direction.  However,  we  have  : 


seen  any  scattering  in  any  other  direction,  but  this  may 
due  to  interference  from  forward  scattering  produced  by 
atmospheric  carbon  dioxide.  This  interference  could  be  : 
by  using  C130  as  a  fluorescing  medium,  but  this  would  n- 
practical  solution. 


The  reason  that  the  fluorescence  i: 


Is  due  primarily  to  the  strength  of  competing  mechanisms 
.collision  with  nitrogen  and  other  carbon  dioxide  molecules 
and  the  low  power  of  the  solid  state  diode  laser  ( 10” u  watt 
These  give  signals  levels  low  enough  that  sophisticated  sig 
processing  schemes  have  to  be  used. 

The  complexity  and  reliability  of  the  laser  diode  syst 
still  leave  much  to  be  desired.  It  is  difficult  to  envisau 
such  a  large  and  bulky  system  being  installed  on  small  hi.ch 
performance  aircraft.  The  diodes  themselves  are  unreliable 
having  finite  shelf  lives  and  degrading  with  uses.  These 


problems  may  well  be  solved  in  time, 
to  go. 


;ney  nave 


The  general  conclusion  must  be  that  there  mus' 


?ss  e x o ‘ 


method  for  measuring  air  data. 


the  introduction  that  the  problem  with  a  pitet/s^at 
is  the  measurement  of  the  static  pressure,  not  the 
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s:ativ 


- h-- i  very  re_iac_e  resu-’s .  Iz  is 

>rts  that  are  so  sensitive  to  ocsiticn  or.  ths 


ircraft  and  to  aircraft  .maneuvers.  Therefore,  what  is  needec 
3  a  better  method  for  measuring  the  static  ores sure. 


is  at  tenet  me  t; 


ichieve  this  with  their  "Shuttle 


Entry  Air  Data  System"  (DEADS,.  This  consists  of  ft  pressure 
taps  around  the  nose  of  the  shuttle  and  combines  the  pressure 
readings  (with  the  aid  of  a  computer)  to  give  the  air  data. 

The  problem  with  this  technique  is  that  it  is  very  dependent 
on  the  shape  of  the  aircraft  nose  and  requires  very  extensive 
calibration,  which  then  would  have  to  be  repeated  for  a  different 
nose  shape.  However,  the  technique  does  give  very  reliable 
results  and  all  the  air  data  required,  with  only  a  modest  degree 
of  complexity. 


A  possible  solution  for  aircraf 


no  neat  ion  is  to  use 


a  wing-tip  mounted  probe  with,  for  example,  five  independent 
pressure  ports.  The  tip  of  the  probe  would  be  a  well  defined 
shape,  for  example  he.mi— spherical  and  the  ports  could  correspond 


sort  wcuia  *iv*: 


one  st at: 


;y  ratioing  the  side  ports  with  the 


front  port,  the  total  and  static  pressures  can  be  computed.  This 
would  require  an  air-data  computer,  but  so  do  present  systems, 
it  would  also  yield  airspeed,  altitude,  and  angles  of  attack  and 


sideslip . 


In  conclusion  then,  a  Laser  Doppler  Airspeed  and  Altitude 
er.sor  is  probably  not  the  best  way  for  the  Air  Force  to  proceed 


Rather , s othisticated 


ons  c:  one  t. 


:or,sidered,  with  multiple  independent  pressure 
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or  even  negative.  However,  under  these  conditions  it  no  longer 
corresponds  to  the  speed  of  transfer  of  energy,  and  thus 
causality  is  not  violated. 


The  region  of  the  absorption  spectrum,  where  the  group 
velocity  is  greater  than  the  phase  velocity,  is  referred  to  as 
anomalous  dispersion. 

Typical  values  for  atmospheric  carbon  dioxide  are 
6  =  5ni~ 1  and  Aw  =  4  *  TO9.  Thus,  2  6/Aw  =  (4xio8)-1  sec/m,  which 


An  infinite  group  velocity  means  that  waves  of  different 
frequencies  have  the  same  wavenumber,  that  is  they  are  phase- 
matched.  This  means  that,  given  a  nonlinear  mechanism,  there 


is  the  possibility  of  frequency  conversion,  and  this  would  take 
place  over  a  bandwidth  comparable  to  the  resonance  bandwidth. 

A. 2  Spontaneous  Parametric  Fluorescence 

This  phenomenon  was  first  observed  in  the  late  1951s.  /.'her. 

a  monochromatic  plane  wave  propagates  through  a  nonlinear  medium, 
two  other  waves  of  lower  frequencies  are  generated.  The  theory 
of  this  phenomenon  is  given  by  Yariv  (1975)  •  Parametric 
fluorescence  is  unusual  among  nonlinear  effects  in  that  the 
fraction  of  power  that  is  converted  from  the  initial  pump  beam 
into  the  fluorescent  beam  is  independent  of  the  intensity  of 
the  pump  beam.  It  depends  only  on  the  nonlinear  coefficient 
of  the  material  and  the  distance  that  the  pump  beam  travels 
through  the  medium.  The  fluorescence  only  takes  place,  in  this 
case,  in  the  forward  direction,  because  that  is  the  direction 
in  which  the  phases  are  matched. 

Yariv  (1975)  quotes  the  fraction  of  power  P  ,  which  is 
changed  in  frequency  as 
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Acu 


2 


a  6  2  i  -  2  tt 

C  C 


where  H  is  a  nonlinear  interaction  coefficient,  6  the  collection 
angle,  7  the  interaction  length. 


where  w  and  oj1q  are  the  frequencies  measured  in  the  direction 
of  the  initial  wave  P  ,  and  a  -  k  k  /2kj.  In  cur  case,  k2*k3* 

1 . 5  x  106m_1and  k^lQ  r.“  1  .  Hence,  aslO11™"1  and 

Aco 2  ~  a 0  2  /b  , 

and  the  power  per  unit  bandwidth 

p 

2  _  ttK£ 

?3Acj2  a  ’ 


or 

v 

L  2 

—  z  0.00G6KR.  on  a  20  MHz  bandwidth. 

r  3 

Note  that  although  this  is  a  nonlinear  effect,  the  fluorescence 
is  linearly  related  to  the  input  power. 

The  value  of  K  is  given  by 

h^k*  n2  d2 


A 


J 
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where  h  is  Plancks'  constant,  n  ,  n.,  and  n3  are  the  refractive 
indices  ~  i,  e  0  is  the  electric  permitivity  of  free  space,  and 
d  is  the  nonlinear  part  of  the  electric  permitivity  in  the 
expression 

?=X£0  +  dE 2  +  ... 

where  P  is  the  polarisability ,  x  is  the  electric  susceptibility, 
and  E  is  the  electric  field.  In  general,  P  and  E  will  be 
vectors  and  d  will  be  a  tensor,  but  we  can  ignore  this  in  a 
gas .  Then 

K  =  2.5  x  10 2 2  d2  MXS  . 

Experimentally,  values  of  ?  /P  =  10~6  have  beer,  observed 
for  a  value  of  i  =  0.15  m.  This  would  require  a  value  cf 
K  =  10-12m"2  sec-1,  or  a  value  of  d  =  IG-11  MKS . 

This  value  of  d  is  however  very  large  compared  with  that 
generally  found  in  solids.  There  the  value  is  typically 
0.3  *  10" 2  2  MKS  (Li  :ib03 )  . 

A. 3  Nonlinearity  Oue  to  Saturation 

The  dielectric  constant  z  is  given  by 

£  =  1  +  X  • 

For  carbon  dioxide  x  =  10  3. 

Let  us  suppose  that  there  is  an  ir.ci  i«r.t  wave  with  a  flux  W 
watts/m2,  then 

c2E2  =  Wz  9  ( v:  It  s  'r. ;  2  , 
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where  zQ  =  imoedance  of  free  space  =  ohm.  Typical  power 

densities  in  the  experiments  performed  are  around  111  vatcs/m2 
and,  therefore, 


£  =  200  volts/m 

Ey  any  standard,  this  is  not  a  strong  field.  However,  because 
carbon  dioxide  is  such  a  strong  absorber,  even  this  weak  field 
can  produce  a  significant  nonlinearity. 

Let  us  suppose  that  there  are  H  carbon  dioxide  molecules 
per  unit  volume,  each  with  an  absorption  cross-section  of  o, 
for  photons  with  a  frequency  u>. 

Absorption  per  unit  distance  =  N 

V'  I  o 

Lumber  of  excited  molecules/unit  volume/unit  time  =  ~ — 


Number  of  excited  molecules/unit  volume 


WUot 

hu> 


where  x  =  lifetime  of  excited  molecule 
Fraction  of  molecules  that  are  excited 


Wot 

hw 


h(^o 

Mow,  the  electric  susceptibility  is  proportional  to  the  number 
of  molecules  per  unit  volume.  Hence, 
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Taking;  o  =  iO"*21  m 2 ,  i  =  10  s  sec, 

X  =  X0 ( 1-7X10~ 1 °E2 )  . 

Thus,  for  a  field  of  200  volts/m,  the  susceptibility  is  r 
by  a  factor  of  3  x  10-5. 


educed 
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APPENDIX  B:  SIGNAL  PROCESSING 

A  signal  processing  scheme  is  presented  here  for  the  r.easu 
rent  of  the  airspeed  and  altitude  from  the  laser  Doppler  ser.scr 
in  real  time.  The  processing  is  based  or.  computing  the  first  a 
second  moments  of  a  cross-correlation  function.  This  can  be 
done  with  currently  available  A/D  converters,  a  microprocessor, 
and  very  large-scale  integrated  (VLSI)  multiplier  and  accumuiat 
The  expected  performance  and  implementation  are  discussed  here, 
liven  a  30-dB  peak  signal-to-noise  ratio,  an  accuracy  of  1  ft/s 
in  velocity  and  500  ft  at  sea  level  ir.  altitude  can  be  expected 

B.l  Laser  Airspeed  Sensor  Signal  Analysis 

The  signal  from  the  laser  airspeed  sensor  consists  of  two 
channels:  one  from  a  reference  cell  and  one  from  the  air  out si 

the  aircraft.  We  shall  call  these  the  reference  and  signal 
channels.  As  the  laser  Is  scanned  in  frequency,  so  the  signal 
in  the  detector  varies.  At  low  altitudes,  the  profile  is 
Lcrer.ztian  (damped  oscillator),  which  is  determined  by  the 
pressure  broadening.  At  high  altitudes ,  where  the  profile  is 
determined  by  Doppler  motion,  the  profile  is  laussia.o.  At 
intermediate  altitudes,  the  envelope  is  the  convolution  cf  the 
two  (Vcight  profile).  What  is  desired  here  is  a  means  of 
measuring  the  shift  and  width  of  the  profiles ,  on  the  two 
channels,  which  is  quick  to  perform  (less  than  100  msec),  is 
insensitive  tc  the  exact  form  cf  the  line  profile,  and  nhances 
the  signal- to-ncise  rati:  (and,  hence,  the  accuracy). 

The  form  of  signal  processing  describ-  d  here  is  thought  to 
meet  these  criteria.  The  principle  lo  to  compute  the  cross- 
corrs  1st  ion  t*  a n c i  ■ "  c 0 1  w ~ r *  *1  -s  - ’.--l/  r\v.  i  ^ rv'ii  t.  *11*10  * 
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first  and  second  moments  of  this  function.  The  first  moment  is 
related  to  the  Doppler  shift  and  the  second  moment  to  the  line 
width. 


Let  us  describe  the  reference  channel  by  its  p'notocurrent 


LR 


=  T  (f-f 


°R} 


and  the  signal  photocurrent  by 


1  - 
o 


Is(f-f0-fr 


,aQ) 


> 


where  f£  is  the  Doppler  shift.  Now,  the  laser  scans  the  frequenc 
as  a  linear  function  of  time.  Therefore,  we  can  substitute 
time  (t)  for  frequency  (f).  The  laser  scan  lasts  for  a  time  T 
and  is  digitized  into  N  samples.  The  sample  rate  is  N/T  =  1/x . 
The  2M  samples  are  stored  in  two  memories.  The  two  memories 
are  multiplied  and  added  together  to  give  the  first  value  of 
the  cross-correlation  function.  One  is  then  shifted  by  one 
sample  period  (t)  and  again  they  are  multiplied  and  added.  This 
is  repeated  for  all  values  of  x  from  -T  to  +T.  This  process 
of  computation  is  lengthy  but  is  often  employed  in  signal  pro¬ 
cessing.  Accordingly,  a  very  high-speed  integrated  circuit 
has  been  developed  by  TRW  for  this  purpose.  Each  multiplication 
and  addition  takes  only  70  nsec.  However,  we  require  a  total 
of  2N2  operations.  For  II  =  128,  this  would  take  a  little  over 
2  msec  to  perform,  which  is  very  rapid  indeed. 


This  normalized  cross-correlation  function  is 


fT 

IR(t-tQ,oR)  Is(t-to-tD+x,a£)  dt 

0 


,  ( t-t 


(  t  —  1”  —  t- 

1  “o  D ! 


a  ^ 


dt 


o 
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If  we  substitute  t'  =  x  -  t^»  we  see 


:orrelation  c; 


and  Ij,  without  any  Doppler  shi 


mu  tr.en 


shifted  by  the  Doppler  shift.  Let  us  then  calculate  the  first 
moment  of  C. 


RS: 


M*  = 


/  xC_c,(T-tn)  dx 


S  CRS(x- tD)  dx 


f  (x-tp)  cRS(T-tD)  d(x-tn)/  /  CDo ( x-tn )  dx 


+  t, 


Now,  if  the  cross-correlation  function  is  symmetric  about 


the  first  tern  is  sere  and  the  second  is  equal  to  the  time  dela: 
Thus,  M'  =  tp. 


The  second  moment , 

/  x  2Cdq ( T-tp )  dx 


'RS  D' 


;  c„„(x-tn)  dx 


D ' 
'HR  1 


f  (x-tr.  )  C_c(x- t- )  d(x-tp) 


j  (x-tp)  d(x-tp) 


HI 
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B.2  Noise  Calculation 

Zj0t  Li3  ^  r>gr  oh^0  t'  v*  q  jn.  ^  qp  jic.-0yi0O00 

signal  sensors  have  a  noise  power  cf  n2.  The  noise  of  the  two 
channels  is  thermal  in  origin  and  therefore  is  unccrrelat  ed . 
However,  because  cf  the  finite  bandwidth  of  the  noise,  it  dees 
have  some  correlation  in  time.  Let  us  call  the  value  of  the 
noise  autocorrelation  G(x)  =  G(-x)  at  a  time  delay  t.  Further, 
we  shall  presume  that  the  noise  bandwidth  is  sufficient  that 
G(x)  is  small  and  G(2x)  can  be  ignored. 

When  we  compute  the  correlation  function  cf  the  signal, 
we  have  N  statistical  independent  multiplications  of  the  noise 
and  2N  multiplications  with  a  correlation  of  G(x).  The  result 
is  a  noise  contribution  of  n2  [ 1  +  2G ( x  )  ]N  ' .  This  compares  with 
the  cross-correlation  function  of  ,  'where  the  c  verba  r 

denotes  the  time  average.  Thus,  the  normalized  value  cf  the 
noise  is 


2 r 


1  +  2G  ( x ) 


*  ^R1" 


The  first  moment  of  this  is 
nTT[l  +  2G(x)  ] 

2MTrTs 

=  n2[l  +  2G(x)  ]/2IdIc 

i  i  ^ 

This  is  the  average  noise-to-signal  ratio  of  the  incuts  times 
the  sample  time,  times  [l+2G(x)]  and  divided  by  two.  Similarly, 
the  second  moment  of  the  noise  is 


*-i**si£Eie3t8£2E&£2£!St&^  _ _ _ 


f 
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1+2  0 


=  n 2  T  t  [  I  +  2  G  ( i )  J  / 1 


_e  i 


take  a  tvoicai 


;  *  .''nol  —  Q  _  *• 


:v;er 


’atio  of  20  dB  and  II  =  128  samples  per  scar..  Then, 


.rst  moment  ru 


C  .  0  0  5  x 


Second  moment  noise  a  0.64  t  . 


'This  assumes  G(t)  is  small.] 
■omer.t  is  very  small,  ti 


Thu: 


•however,  if  the  width  ci 


the  error 
it  is  much  larger  ir. 
he  crcss-ecrrei • 


■  r~.  -  a 


moment 


c-  -  -► 


;.oe  error  is  still 


>niv 


The  error  reduces  as  II,  the  number  of  samples,  increases. 
However,  if  this  is  done  by  sampling  faster,  eventually  G(x) 
becomes  significant  ur.t: 


(x)  =  exp (-2ft )  , 


r. 


d3  down  frequency  for  the  noise.  Thus,  for  a 


sampling  frequency  equal  to  f  ,  G(x)  =  0. 001 t . 


*aus  ,  m  practice 
G(x)  will  only  increase  the  error  by  about  0.361,  which  is  not 
significant. 


B.3  Potential  Problems  with  the  Signal  Processing 


:  har.ne  1 


Asurr.netVj  i  n  Signal. 
have  the  same  envelc 


;he  reference  and  signal 

*  3  ^  ^  -  4  '  v  ^  *-  ~  ,  , 
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we  nave  seen  tnat  tne  crocs— co rre_at :  ,r.  : ur.ct  1  cr.  is  t r.~  cam-- 
as  the  autocorrelation  function,  but  shifted  relative  to  the 
origin.  hew,  any  autoccrrelati  :r.  function  of  a  reai  signal  is 
symmetrical  since  the  negative  time  delay  is  the  same  as  swat  tin; 
over  the  signals,  which  are  identical.  Thus,  since  the  two 
channels  are  viewing  the  same  physical  phenomenon,  the  signals 
should  be  similar  and  produce  a  symmetrical  correlation  function, 
1 f  this  is  net  the  case,  then  an  error  could  be  introduced. 

5 .  3i.jr.al  Baseline.  In  practice,  the  signal  of  interest 
is  sitting  on  a  baseline  that  contains  no  useful  information. 

This  baseline  should  be  the  same  ir.  both  channels  and  according!; 
will  net  contribute  to  the  first  moments  of  the  autocorrelation 
function.  However,  it  does  contribute  to  the  second  moment  and 

—  Li  3  Q  0  ■£,0TViOV0Cl*  S'-  ^Qe  '  "  iS  S  10 ' '  '  T 

with,  the  signal,  it  can  be  removed  in  several  ways: 

1.  High  pass  analog  filter 

2.  Direct  computation 

2-  Differentiation  of  signal  (analog  or  digital'. 

3.  Si  anal  Distortion.  Errors  will  arise  if  tne  r  he  t  c - 
sensor  signal  is  distorted,  for  example,  by  using  a  limited 
bandwidth.  However,  these  errors  need  net  be  large  if  the 
distortion  is  the  same  on  both  channels,  i.e.  ,  the  two  line 
profiles  are  the  same.  This  keeps  the  cross-correlation  fume t i or 
symmetrical.  Ideally,  the  two  detectors  should  be  matched  with 


.  n 0  S3 .Tj 0  Li  p  C‘ 
in  sens  it i v i 
absolute  level  of 


and  lower  cutoff  frequencies.  However,  match: 


is  net  important  since  that  only  affect: 


he  signal  and  does  no 


m.trcauce  anv  c 


y»»i 
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6.4  Overall  Signal  Processing  Accuracy 

M  tir.es  in  the  sweep.  The  sampling  frequency  is  then  M/T, 
we  snail  make  this  twice  the  bandwidth  of  the  photo-sensor; 

scanned  vary  from  C . 2  to  4  GHz.  Let  us  suppose  then  that  v 
scan  the  laser  through  12.3  GHz  and  take  12;  samples.  The 
is  then  sampled  every  ICO  MHz.  Mew,  if  the  peak  signal-t o- 
ratio  is  5  d5,  then  the  ratio  of  mean-square  signal  curre.r 

T16dv'.-3i;USri6  ^  0 1  3  -  vvki0  r  ^  ~  C  r  ^ 


+  10  loi 


(*) 


a  Is  the  bandwidth  of  signal  in  Gigahe: 


not  oe comes  less  as  tn 


o  rq  >n  n  •»:  g 


)t‘CO”-.ss  ^ srrr w 0 x* 


one  sweep  c;  tne  xaser  as  reaucea.  anas  can  ce  overcome  oy 
processing  less  of  the  scan  at  higher  altitudes  where  the 
spectrum  is  narrower.  This  reduces  both  the  sample  time  T 
and  number  of  samples  M,  but  leaves  the  sample  frequency  cor 
at  M/'T.  Thus,  suppose  that  the  scan  width  is  about  10  tame; 
the  width  of  the  spectrum.  Then,  vie  have  an  average  si.-rr.al- 
noise  ratio  of  about  10  d5  less  than  the  peak  sigr.al-te-nci; 
ratio.  Thus,  if  we  have  a  peak  signai-to-ncise  ratio  of  30 
we  will  have  an  average  signal-tc-noise  ratio  of  20  dS.  Tht 
error  in  the  velocity  measurement  is  0.005  *  10C  MHz  =  0. 
or  about  1  m  cer  sec.  The  error  in  the  lir.ewidth  measureme: 


x  ic  vw  -7 

J.  ^  -  -  3 


where  M  as  the  number  of  samples  used  { <_  lit;, 
where  M  =  12;,  the  error  =  8C  MHz  cr  2  0  mb  or. 
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Or.  each  clock  pulse,  the  first  phase  shift. 


or.e  ci: 


:  the  secor.a  prase,  tne  last  >r 
multiplied  ana  st  :red  ir.  the 


clock  pulses,  the  Y  register  is  back  to  its  original  con¬ 
dition.  The  accumulator  result  is  then  shifted  to  the  CUT 
register  and  the  X  register  is  shifted  one  bit  and  the  whole 
crocess  is  receated  again.  The  accumulator  of  the  TOC  ICC:  1 


■5  no  h  i  t 


:apacity,  and  we  shall  only  use  the  1 6  most 


significant  bits.  We  snail  suppose  also  that  the  gain 
A/O  converters  is  such  that  the  accumulator  does  net  o\ 


This  process  ^s  repeated  256  times  until  all  the  data  ha 
gone  through  the  X  register.  The  OUT  register  is  then  full. 
The  first  and  second  moments  of  the  data  in  the  OUT  register 
are  then  computed  and  other  calculations  performed.  The 
results  are  then  transferred  to  the  air  data  compute’"  and  t ho 
whole  process  is  repeated. 


Cm 


The  whole  procedure  for  computing  the  correlation  fur.cticn 
takes  1.1  msec .  However,  half  the  multiplications  to-  by  1  and 
therefore  a  more  sophisticated  controller  might  speed  up  the 
computation  further.  However,  4.1  msec  may  well  be  quite  fast 
enough. 

A  high-speed  correlator  to  compute  the  function  for  126, 
bit  words  in  4.1  msec  can  be  constructed  with  the  current 


